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ABSTRACT 
Structural Testing of the New England Precast Concrete Bridge Rail 
BY 
Patrick W. Santoso 
University of New Hampshire 
December, 2008 
The need for a modular architectural precast concrete bridge guardrail to be used 
as an alternative to traditional non-aesthetic bridge guardrails has been 
expressed by New England communities. Because FHWA requirements allow 
modifications of existing crash tested bridge rails to be put into service without 
additional crash testing the New England Precast Guardrail has been developed 
from the Texas T411 crash tested bridge rail. Two 30" rails with eight 1" diameter 
stainless steel anchor bolts were cast and successfully static load tested. At the 
request of Massachusetts Highway Department the rail height was increased to 
40" and retested. Static load testing of the 40" rail with six 1" diameter stainless 
steel anchor bolts demonstrated that the use of 6 anchor bolts results in plastic 
deformation occurring in the stainless steel anchor bolts. The insufficient 
connection resulted in unsatisfactory base separation from the support however; 




1.1 General Introduction 
New England communities are expressing an interest in a more aesthetically 
pleasing bridge guardrail system as an alternative to the available steel and 
aluminum rails. Currently steel, and cast in place bridge rails are widely used, 
however may be inappropriate in aesthetically sensitive areas such as historical 
districts. To address this need a standardized architectural precast concrete 
guardrail design has been proposed by members of the Precast/Prestress 
Concrete Institute (PCI) Technical Committee. Standardization will allow 
precasters to reuse forms and reduce the unit cost of the rail. The Vermont 
Department of Transportation (VTRANS) modified the Texas Department of 
Transportation (TxDOT) T411 balustrade design, shown in figure 1.0.1, to 
produce the proposed New England guardrail. 
Figure 1.0.1: Texas T411 Aesthetic Bridge Rail1 
1 
Federal Highway regulations stipulate that existing crash tested rail designs may 
be aesthetically (not structurally) modified and be adapted without further crash 
testing. However, because the T411 rail is only rated for a 45mph design speed, 
any rails adapted from it, including the New England Precast Rail require further 
crash testing to be rated for higher speeds (Bullard 2006). This rail design 
provides a more decorative option for projects communities feel warrant certain 
aesthetic characteristics. The purpose of this thesis is to evaluate the 40" New 
England Guardrail, under static loading conditions. 
1.2 Project Background 
There is a desire in recent years to increase the aesthetic appeal of highway 
structures. In particular existing bridge railings have been examined and found 
aesthetically lacking for new construction in many of New England's historically 
significant locations (Colgrove 2004). The standard steel or aluminum rails can 
be unsatisfactory in historical settings or where the township or city views the 
bridge as aesthetically significant. As a result of the growing public involvement 
in tax funded projects it has become more difficult to acquire approval of 
conventional rail designs. 
Current concrete bridge railing options are limited to the standard New Jersey 
type barriers, or cast-in-place options such as the Texas 411 parapet. In 
response to the growing aesthetic concerns steel and aluminum rails have been 
adapted to accommodate various decorative elements; however these elements 
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can add cost and complexity to the project (Bullard 2006). Architectural details 
can be added to cast-in-place rails as well but these details can significantly 
increase cost (McNall 2005). Further, cast-in-place concrete rails are very labor 
intensive and costly in general because steel reinforcement must be transported 
to the job site, tied, then forms need to be constructed or assembled over the 
reinforcement cage. The concrete then must be placed, cured and the forms 
removed and reset for the next rail segment. (Colgrove 2004) Precast guardrails 
are cast offsite and arrive on-site as a ready to install rail system. The modular 
nature of the rail reduces on site labor costs and facilitates rapid construction 
minimizing road closure time. 
In a joint effort The University of New Hampshire (UNH), New Hampshire 
Department of Transportation (NHDOT), Maine Department of Transportation 
(MDOT), Massachusetts Highway Department (Mass Highway), VTRANS, and 
Precast Prestress Concrete Institute (PCI), among others have committed to 
developing and testing a precast concrete guardrail appropriate for rapid 
construction projects. The initial prototype guardrails "GS1 & 2" were 
constructed and successfully tested in 2004 by a New Hampshire research team2 
(McNall 2005). The performance of both rails was satisfactory and the 30" high 
guardrail design was to be used on the Mill Street Bridge in Epping, New 
Hampshire but with an initial bid price of $750 per linear foot, more than double 
the average cost, it exceeded the project budget. In an effort to lower the cost of 
a precast guardrail it was determined that it must be generally standardized. 
2 
Precasters would then be willing to invest in costly steel forms with adjustable 
guardrail heights and lengths. A 30 inch rail design, shown below in figure 1.0.2 
in drawings provided by PCI, was accepted by the northeast DOTs with the 
exception of Massachusetts, who requested an overall rail height of 40 inches. 
* % • « « * 
Figure 1.0.2: 30" New England Bridge Rail Detail3 
1.3 Modular Construction Techniques 
The form casts the guardrail upright and splits longitudinally removal. This 
facilitates tying the steel reinforcement cage remotely, placing the fabricated 
cage in one side of the form, closing the form, and casting. Form release agent 
is sprayed to the two form sections before the reinforcement cage is placed to 
prevent spraying releasing agent on the steel reinforcement. Self consolidating 
3 
concrete is recommended to reduce the need for external or internal vibration 
and still produce a high quality architectural finish (Hartmann 2004). 
Once the concrete has been placed and cured the form is removed. The form is 
designed with holes, and steel bump plates within balustrade knockouts to allow 
the use of a handheld impact hammer to split the forms apart. Because the rail is 
cast upright it can be hoisted without lifting hooks by threading lifting straps 
through the balustrades. The rail should be hoisted at 1/3 distance from each 
end. Because of the V2" bevel on the bottom edge the rail may be safely placed 
on any surface without the risk of chipping and negating the need for dunnage 
during transport or storage. 
Twelve foot guardrails, at approximately 6400 lb, may be shipped six at a time on 
a standard flatbed trailer or twelve at a time on a trailer with a special weight 
permit. Rails can be set directly in place over stainless steel anchor bolts which 
pass through bolt knockouts in the rail. The tolerance between the anchor bolt 
location and bolt knockout position is critical as it provides a mechanism to 
address misalignment issues. Typically tolerance is a minimum !4" on all sides of 
the bolt. This tolerance can be increased to a limit at the designer's discretion. 
There are several options for attaching the anchor bolts to the bridge deck 
system. The structural connection is easily achieved with standard concrete 
inserts; however alignment may become problematic. Tolerance must be built 
into either the insert on the bridge deck, or into knockouts in the guardrail to 
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avoid potential misalignments. The knockouts can be grouted to bond the 
anchor bolt to the guardrail and provide additional corrosion protection. Before 
the grout cures bearing plates are slipped over the anchor bolts and the stainless 
steel anchor nuts are torqued to 100 ft-lb, then the knockout is grouted flush with 
the top surface of the bottom rail. This concludes the installation process and the 
section is ready for traffic. 
It must be recognized that as rail segments are installed misalignment offsets 
can accumulate and become problematic. It is critical that tolerances are built 
into the anchor bolt system to ensure proper alignment of the rail itself. Joints 
between rail segments may be grouted, or sealed with an elastomeric material. 
Because the rail segments are not structurally connected if rail segment are 
damaged during an accident they can be removed and a new segment installed 
without affecting the undamaged rail sections. While grouting the anchor bolts 
provides additional corrosion protection it can become problematic when removal 
is necessary. Removal of rails with fully grouted connections requires the grout 
be removed manually with an impact hammer. 
1.4 Current Research 
As a result of Mass Highway's stipulation the 30" guardrail form was 
modified by adding ten vertical inches to the base where few architectural details 
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Figure 1.0.3: 40" New England Precast Bridge Rail Detail4 
The lower section was chosen to increase height because it causes the least 
impact to the overall structural performance of the rail. Adding the height to the 
balustrade would have significantly modified the reinforcement design and could 
have created dissimilarities with the T411 rail. Further adding height to the base 
reduced the risk of snagging during a crash impact, a problem encountered with 
the T411 rail design. Calculations showed that the initial reinforcing steel layout 
(size and spacing) is sufficient to withstand the design loads for the taller 
guardrail, the stirrups simply needed to be elongated. Reinforcement details can 
6 
be found in appendix A. Because the guardrail is tested horizontally with a 
vertically applied load the increased height increases the lever arm and 
necessitates a larger strong-wall. During previous testing, difficulties occurred as 
the strong wall rotated (i.e. the back edge of the strong wall lifted off the floor). 
To correct this problem the strong wall dimensions were increased, creating a 
larger gravity load to prevent lifting. 
1.5 Literature Review 
Prior to the late 1980's engineers designing bridge rails relied largely on their 
judgment and guidelines from AASHTO "Standard Specifications for Highway 
Bridges". The specifications required application of a 10 kip static load at key 
locations, as well as dimensional compliance. Full scale crash testing was not 
required; however rails which passed crash testing were acceptable even if they 
did not meet dimensional or static loading specifications (Hattan 1997). At that 
time the generally accepted test requirements were contained within National 
Cooperative Highway Research Program (NCHRP) Report 230. 
Crash testing of rail designs which had been evaluated using static load 
procedures were conducted in the late 1970's and early 1980's with 
unanticipated results. Several of the designs failed, and consequently Mr. R.D. 
Morgan, FHWA's Executive Director, issued a memorandum on August 28, 1986 
which stated that railings used on federal projects must be crash tested per 
NCHRP Report 230 (Hattan 1997). 
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During the late 1980's and early 1990's there were several bridge rail 
specification documents issued by various agencies, including AASHTO's "Guide 
Specifications for Bridge Railings" in 1989, NCHRP Report 350 which 
superseded NCHRP Report 230 in1993, and AASHTO's "Load Resistance 
Factor Design (LRFD) Bridge Design Specifications" in 1994 (Hattan 1997). 
Report 350 contains more specific crash test specifications than Report 230, and 
includes SI units in place of US customary units. 
While these new guidelines help standardize design and testing of bridge railings 
they give very little treatment of aesthetic details. Public demand for architectural 
rail treatments prompted FHWA to release NCHRP Report 554 "Aesthetic 
Concrete Barrier Design" to address the design of these elements. Prior to 
compilation of Report 554 41 states were interviewed relative to aesthetic barrier 
design. Of the states interviewed only 22% have guidelines in place for aesthetic 
treatment of roadside structures. Further, 59% do not include aesthetic 
treatments, while 39% do. The remaining 2% were unsure. However, 46% stated 
that they receive many requests for more aesthetically pleasing roadside 
structures (Bullard 2006). In addition to providing crash test and performance 
guidelines Report 554 also provides key characteristics of aesthetic design, with 
extensive focus on the elements that compose an aesthetic roadside structure. 
Additional attention is given to aesthetics with relation to the background, and 
purpose of details, i.e. balustrades which allow the scene beyond the rail to be 
viewed. 
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Several existing aesthetic bridge rails, such as the Texas T411 barriers were 
evaluated using methods set forth in NCHRP Report 554. The Texas T411 
barrier is the aesthetic bridge rail after which the New England Precast Concrete 
rail is modeled. The T411 performed adequately with a 820-kg passenger car at 
97 km/h and 21.2 degree however, an impact with a 2000-kg pickup truck at 
101km/h and 24.9 degrees failed because of excessive damage to the vehicle 
(Bullard 2006). Because of these test results the T411 rail is not rated for high 
speed roadways. 
PCI New England region began work in 2004 to develop a standardized aesthetic 
bridge rail for New England communities. The rail characteristics are as follows: 
"The solution will need to have low cost; be quick and easy to 
install; have a standard customizable design and be simple to 
maintain and repair. The final product needs to provide a concrete 
barrier that has the aesthetic appeal of the cast in place parapet 
like the Texas 411 rail, while at the same time provide the cost 
effective features of the standard "F" type precast concrete rail." 
(Colgrove 2004) 
Another key issue considered relative to the New England Precast Concrete Rail, 
is the connection to the bridge deck. A precast rail developed in Pennsylvania 
failed in a crash due to a faulty deck connection detail. Deterioration of the 
anchor bolts due to chloride and moisture infiltration were a primary cause 
(Colgrove 2004). To avoid such corrosion problems stainless steel bolts are to 
be used on the New England Rail. 
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In accordance with FHWA guidelines the New England precast bridge rail 
guardrail does not require crash testing to achieve TL-2 rating because it is a 
modification of the Texas T411 rail. Static load tests are performed at UNH with 
design loads from 1998 AASHTO LRFD (2003) specification table 13.7.2-1 and 
table A13.2-1 (Colgrove 2004) with key loading found to be "54 kips over a 4' 
length of the rail" (Colgrove 2004) 
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CHAPTER 2 
GUARDRAIL AND STRONGWALL FORM CONSTRUCTION 
2.1 Guardrail Form Construction 
The guardrail form is designed to be split along the longitudinal axis to facilitate 
tying the reinforcement cage, applying form release and removing the finished 
rail from the form. The guardrail form was constructed from SPF KD timber, 
Advantek Tongue and Groove plywood and treated with several coats of heavy 
duty polyurethane. Figure 2.0.1 below shows the assembled guardrail form. 
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Figure 2.0.1: Guardrail Form Assembled 
The sideboards of the guardrail form contain the most architectural detail 
including the soffits returns and balustrade detail. These architectural details are 
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achieved by laminating specially cut sheets of plywood together until the required 
cross section and dimensions are built up. Special care is given to ensure that all 
surfaces have the appropriate draft (~2 degrees) necessary for form release. 
Two inch PVC pipe with Styrofoam blocking are placed in six locations along the 
length of the guardrail to provide holes to accept the mounting bolts. The 
uppermost section of the PVC is capped with a block of Styrofoam to provide a 
knockout to accept a bearing plate to distribute mounting bolt stresses. 
The reinforcement cage is assembled separately on saw horses and hoisted into 
the form. The reinforcement detail is shown in Appendix A. Once the 
reinforcement cage is lowered into place the completed form pieces are 
lubricated with a vegetable oil based form release agent and then assembled. 
The guardrail form with reinforcement cage installed is shown below in Figure 
2.0.2 
- .3 * " 
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Figure 2.0.2: Top View of Assembled Guardrail with Reinforcement 
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2.2 Strong-Wall Form Construction 
In profile the strong-wall is shaped like an "L" with the vertical leg significantly 
more massive than the horizontal portion. The guardrail is mounted horizontally 
on the vertical leg and extends 3" beyond the horizontal leg as shown in figure 
2.0.3. 
! Strong Wail j 
• 1 
Figure: 2.0.3: Guardrail Mounted on Strong Wall 
The face of the vertical leg onto which the guardrail is mounted is the critical face 
as its surface determines the alignment of guardrail to the strong-wall. In addition 
a smooth and flat finish is critical on the mounting face to minimize stress 
concentrations that would occur with an uneven surface. Because of the high 
stresses induced during loading the strong wall is heavily reinforced as illustrated 
in Figure 2.0.4. 
Figure 2.0.4: Strong Wall Form with Reinforcement 
Because of the size of the reinforcement cage it is tied in place using pre-
fabricated pieces and the strong-wall form is assembled around it. 
The form is constructed using vertical 2"x 6" KD SPF boards at 16" spacing 
fastened with two 3" sheetrock screws to a double 2" x 6" header and footer. 
This method is similar to home stud wall construction. To create the interior form 
surfaces the stud walls are sheathed with Advantek tongue and groove plywood. 
The Advantek density and resistance to moisture makes it suitable for use with 
concrete. 
The mounting surface, being the most critical, is constructed last with special 
attention given to the alignment of the mounting bolt inserts and the trueness of 
the surface. The mounting face is constructed using stud wall construction 
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techniques with 12" stud spacing and triple 2x6 headers top and bottom. The 
headers are glued and screwed to each other using 3" sheetrock screws. The 
triple headers and footers were in place to prevent longitudinal warping of the 
mounting face. Because of the difficulties regarding the alignment of the 
mounting bolt holes a special method had to be devised to match the angle of the 
mounting holes such that the mounting bolts would fit at the correct angle into the 
guardrail mounting holes. The mounting bolt holes were not at right angles to the 
bottom of the guardrail, because the PVC form inserts were displaced by the 
concrete during placement. Rather they were at compound angles meaning that 
the mounting bolts protruding from the strong wall must match these angles if 
they were to fit into the holes on the guardrail. To accomplish this the guardrail 
was inverted and the mounting bolts were coated with chalk powder and inserted 
into their corresponding holes on the guardrail. The mounting face form of the 
strong-wall was then placed on top of it and the mounting bolts were rammed into 
its surface marking it with chalk. In this way the location within the plane was 
marked on the board, the holes were drilled as marked to accept the mounting 
bolts. To match the angles, with the form still resting on the inverted guardrail the 
bolts were inserted into the guardrail and allowed to protrude out the back of the 
strong-wall form . A 2x6 was mounted 8" back from the outside form face and 
holes were drilled in it to accept the mounting bolts at the angle which they were 
protruding from the guardrail as shown in figure 2.0.5. 
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Figure 2.0.5: Guardrail Form with Anchor Bolts Installed 
Once these bolts passed through both holes the alignment in every direction is 
locked and the bolts are attached to the form. To secure the bolts in place 1" nuts 
with 2" washers were fastened to both sides of the form face. An additional nut 
and washer was threaded onto the bolts inside the form to serve as an insert and 
resist pull-out of the bolts. The surfaces of the bolts that are within the strong-wall 
form are greased with lithium grease to prevent the concrete from bonding with 
the steel. This allowed the bolts to be unscrewed from the imbedded nuts if 
necessary. Assembled strong wall form with reinforcement cage and anchor bolts 
installed is illustrated in figure 2.0.6 below. 
16 
Nut & Washer Insert Greased Anchor Bolt Form Face 
_i [_ 
W * "KB?'!"! •-.•••{•• - • . *»-• iaW)" t^ '%' l i i . - • 
Figure 2.0.6: Strong Wall Form with Reinforcement and Anchor Bolts 
With the bolts in place, secured and caulked the front mounting face was 




GUARDRAIL AND STRONGWALL CONCRETE PLACEMENT AND 
PROPERTIES 
3.1 Guardrail Concrete Placement 
The guardrail is cast several weeks prior to the strong-wall using a self-
consolidating concrete. The self-consolidating concrete (SCC) negates the need 
for internal or external vibration and its low viscosity allows it to flow through the 
congested steel reinforcement cage to all form surfaces (Hartmann 2004). The 
concrete is placed at only one end and it flows to the opposite end of the form. 
Concrete placement is shown below in figure 3.0.1. 
in \\ % 
Figure 3.0.1: Guardrail SCC Placement 
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Although the SCC requires no vibration, the form is tapped on its external surface 
with a sledge hammer to release any entrapped air bubbles. During placement 
the concrete remains relatively level, a behavior which is typical of SCC in 
contrasted to a large mound which forms if a similar procedure is used with 
conventional concrete. The fluid action of the SCC is demonstrated in figure 3.0.2 
below. 
Figure 3.0.2: Fluid Action of SCC 
The structural integrity of the form is not compromised during the placement, as 
is common because of the elevated hydrostatic pressures present in SCC mixes 
(Hartmann 2004). No form bowing is observed or recorded, however a small 
amount of concrete seeps through form seams. Paste coagulates very quickly 
stemming the follow through these small voids. 
19 
3.2 Guardrail Concrete Properties 
To evaluate the material properties of the SCC mix twenty standard eight inch 
cylinders are cast in accordance with ASTM C192/C192M-02: Standard Practice 
for Making and Curing Concrete Test Specimens in the Laboratory. The cylinders 
are cured covered with moist burlap over them for 28 days. 
Dimensions of the cylinders are measured and recorded and each cylinder is 
weighed. The average unit weight for the concrete is 146 pcf. The compressive 
strength of the SCC is tested in accordance with ASTM C39/C39M: Test Method 
for Compressive Strength of Cylindrical Concrete Specimens. (ASTM C39/C39M 
2002) The average 28-day compressive strength is determined to be 9,211 psi. 
3.3 Strong-wall Concrete Placement 
The strong-wall is cast several weeks after the guardrail due to lack of space 
within the laboratory. SCC is not required, or desirable as the strong-wall L shape 
is prone to overflowing unless a cap is fabricated for the lower horizontal surface 
of the L shape. 
Because a standard concrete mix is used the concrete is placed in several 
locations and consolidated using an internal snake type vibrator. When the 
concrete is mounding the vibrator is inserted into the mound to laterally distribute 
and consolidate the mix. The vibrator is also passed along form corners, edges, 
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and mounting bolts to remove entrapped air. Concrete placement and vibrator 
use is illustrated in figure 3.0.3 below. 
Figure 3.0.3: Strong Wall Concrete Placement 
During the placement it is necessary to straighten the stirrups around the 
guardrail mounting bolts as the concrete shoves them out of alignment as shown 
in figure 3.0.4 below. 
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Figure 3.0.4: Strong Wall Stirrup Shoving 
The hydrostatic pressure of the concrete caused the mounting surface of the 
strong-wall to bow outward in spite of the double 2x6 headers and footers. The 
bowing is primarily along the bottom edge to a midspan maximum deflection of 
1.75". Additional lateral 2"x6" braces are installed tying the vertical surface to the 
loading frame. The bracing restrains the top edge of the mounting surface, the 
footers as designed and installed are insufficient to prevent bowing of the bottom 
surface. Figure 3.0.5 below depicts the braced strong wall form as bowing 
begins. 
22 
Figure 3.0.5: Strong Wall at Onset of Bowing 
To correct the problem for future castings threaded steel rods are recommended 
to tie the outer surfaces together, thus preventing bowing of either surface. 
3.4 Strong-Wall Concrete Properties 
To evaluate the material properties of the strong wall concrete mix nine eight inch 
cylinders are cast in accordance with ASTM C192/C192M-02: Standard Practice 
for Making and Curing Concrete Test Specimens in the Laboratory. The cylinders 
are cured in the same conditions as the strong wall for 28 days. 
Dimensions of the cylinders are measured and recorded and each cylinder is 
weighed. The average unit weight for the concrete is 148 pcf. The compressive 
strength of the concrete is tested in accordance with ASTM C39/C39M: Test 
Method for Compressive Strength of Cylindrical Concrete Specimens. The 
average 28-day compressive strength is determined to be 8,3476 psi. 
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CHAPTER 4 
EXPERIMENTAL TEST SETUP 
4.1 Testing Goals 
The purpose of the testing is to evaluate the structural performance of the 
guardrail when subjected to high speed automobile collision. The most 
appropriate test to evaluate these criteria is a high speed crash test; however 
conducting this test at UNH is not economically feasible. Because the guardrail is 
similar to the Texas 411 parapet, which has been successfully crash tested, it 
was determined by the PCI New England Bridge Tech Committee that further 
crash testing may not be necessary to achieve the same TL-2 Rating (45mph 
maximum speed) (Bullard 2006). Structural performance is evaluated using a 
multiple cycle, static load test adapted from New York Department of 
Transportation (NYDOT) Precast Concrete Barrier Test Procedure (Endicott 
2004). 
The goal of the static load test is to evaluate the performance of the anchor bolts, 
the mild reinforcement, and to observe the fracture plane and crack propagation 
within the guardrail. Specifically, the criteria adapted from NYDOT specifies that 
displacement at the top rail shall not exceed %" (19mm) at an applied load of 50k 
(240 kN), displacement between the anchor and the guardrail shall not exceed 
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1/16" (1.6 mm), and any residual cracks in the barrier shall be less than 1/16" 
(1.6mm)(Endicott2004). 
4.2 Testing Methodology and Load Placement 
The testing procedure consists of modified version of the NYSDOT's static 
testing procedures for precast concrete barriers in conjunction with the AASHTO 
specifications for PL-2 Concrete guardrails. It has been slightly modified from the 
procedure used to test GS1 and GS 2. In previous testing a HSS section was 
used to distribute the load longitudinally along a 48" section of the top rail (McNall 
2005). For this testing the HSS section was eliminated to create a point load at 
the longitudinal center of the top rail. This provides a worst case, scenario. The 
following are the guardrail characteristics: 
1. The guardrail shall be 12 feet long 
2. The guardrail will be attached to an anchoring system that will simulate its 
attachment to a bridge deck. The anchoring system will consist of a 
concrete strong wall that will run the length of the guardrail. The rail will be 
attached to the strong wall horizontally so that the traffic side of the rail 
faces upward. 
3. The load will be applied vertically to the top rail section of the guardrail by 
way of a 100 kip capacity hydraulic piston. The hydraulic piston applies 
load to a hemispherical load centering ring, a calibrated load cell, a %" 
elastomeric pad and finally to the longitudinal center of the top rail. 
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4. Loading is cycled; the maximum load applied in each cycle will be 
incrementally increased in each new cycle. 
a. Apply a 10 kip load to the guardrail section and hold while dial 
indicator (Dl) readings are taken. After readings have been taken 
the load is removed. 
b. The 10 kip loading procedure above is repeated three more times 
until a total of 4 cycles are reached. 
c. Apply a 20 kip load progressing from 0 to 10 kips and then 10 to 20 
kips. Dl readings shall be taken at each 10 kip interval i.e. at 10 
kips, and then at 20 kips. After all Dl measurements are recorded 
the load is removed. 
d. The 20 kip loading procedure is repeated two additional times for a 
total of three 20 kip load cycles. 
e. Repeat the same 10 kip incremental loading patters, three times 
each, for maximum loads of 30 kips, 40 kips, and 50 kip. Record Dl 
readings at each 10 kip interval. Be certain to hold at the highest 
loading of each cycle and record all Dl measurements before 
releasing the load. 
f. After the conclusion of all loading cycles the maximum load 
developed by the hydraulic pump shall be applied ~80-90 kips 
(McNall 2005) 
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4.3 Loading Configuration and Compatibility with UNH Loading Rig 
The UNH structural loading rig consists of two vertical cruciforms anchored 
through two transfer beams directly bolted to inserts in the structural floor. A 
loading girder, either 8 or 12 feet in length, is bolted to the two cruciforms Slots 
are cut in the loading girder bottom flange to support the hydraulic load piston. 
This configuration permits the application of a vertical load. 
The guardrail is tested with a transverse load applied at the longitudinal midpoint 
on the top rail. The configuration of the load frame necessitates mounting the 
guardrail horizontally to apply a vertical load on the top rail's transverse axis. 
This is accomplished by the L shaped concrete strong-wall configuration. The 
strong-wall design has sufficient girth to resist the moment induced during 
loading without lifting the back edge, as well as sufficient reinforcement to resist 
diagonal tension cracking along the elbow of the L shape. 
4.4 Instrumentation 
The guardrail is instrumented with ten conventional dial gauges. Dial gauges one 
through three indicate vertical displacements at the ends and midpoint of the top 
rail as shown in figure 4.0.1. Dial Gauges four through six indicate vertical 
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Figure 4.0.1: Plan View of Guardrail with Vertical Dial Indicator Locations 
Dial Gauges seven and eight record horizontal movement on the top side of the 
base of the rail, while dial gauges nine and ten record horizontal movement on 
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Figure 4.0.3: Elevation View of Dial Indicator Locations 
Gauges seven through ten are used to geometrically calculate the rotation at the 
base of the rail. Gauges four through six record the downward translation at the 
base of the rail directly, and gauges one through three provide total displacement 
at the top rail due to bending, base translation and base rotation directly. 
The graduation of the dial gauges is 0.001" however, it should be noted that the 
accuracy of the dial gauge readings for the purpose of this test, are assumed to 
be ±0.002". While every attempt to obtain the most accurate readings was made, 
the angle of the viewer alone is enough to skew the readings on the analog 
gauges by .001". 
The ten dial gauges provide a basis for evaluating rotation, translation, and 
bending response of the guardrail system under load. During each set of tests 
three or four load cycles are run. The dial gauge readings are zeroed at the 
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beginning of each set. Dial gauges are not zeroed between load cycles within a 
set. 
In addition to the dial gauges each of the six one inch diameter stainless steel 
anchor bolts are instrumented with two strain gauges. The strain gauges are 
affixed approximately six inches from the strong wall on the top and bottom of 
each bolt. The gauge readings provide a mechanism to evaluate if the bolts have 
plastic deformation. Detail of the bolt and strain gauge location are provided in 
figure 4.0.4. 
Figure 4.0.4: Strain Gauge Location on Anchor Bolt 
Strain gauges are connected to a National Instruments SCXI-1001 data 
acquisition system, which interfaces with a PC via Nl SCXI 1600 card and a USB 
connection. Strain gauges were wired in via Nl SCXI 1520 card which connects 
directly to the data acquisition systems chassis. Nl Labview software was used 
for data logging. 
To record applied load a Interface Advance Force Measurement model 1232AF 
with a 100 kip capacity load signal conditioner connected to a Nl SCXI-1001 load 
cell. 
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Strain and load data is recorded every 0.10 seconds making it necessary to 
average data to obtain usable values. It should be noted that the hand controlled 
hydraulic actuator used in this test lacks the capacity to maintain a static load, as 
a result when the pump is disengaged the load slowly releases. Because of this 
data points within a ±200lb range of the target load are averaged to obtain each 
strain reading. In each case a minimum often values were used to calculate 
each average. 
4.5 Initial Preparation 
Because the strong-wall is so massive, a gross weight of approximately 30,000lb, 
it is necessary to cast it within the load frame as moving it in one piece would be 
problematic. The strong-wall is wet cured for 28 days, with the form boards 
attached. To remove the form boards it is necessary to unfastened the corner 
straps as well as unthread the mounting bolts. To unscrew the mounting bolts 
two nuts are tightened against each other to provide a surface for the wrench to 
twist the bolts. The bolts are anchored to the concrete within the strong-wall by 
inserts composed of a 1" stainless steel nut and 2" washer. Because the length 
of the bar within the strong wall form was greased prior to prior to concrete 
placement it is possible to easily uninstall and install the bolts. Once the 
mounting bolts are unscrewed the formwork is removed. 
Prior to attaching the guardrail to the strong-wall the mounting bolts are threaded 
back into the inserts in the strong-wall and the top and bottom bolt threads 
ground flat for applying strain gauges. The strain gauges have pre-soldered 
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leads and are attached to the mounting bolts using five minute epoxy. It is 
imperative that gauges be mounted flush with the bolt surface. If the gauges are 
not flat strain readings will be incorrect. 
There is significant friction between the mounting bolts and guardrail during 
assembly. To avoid damage prior to assembly a thixotrophic epoxy is applied 
over the strain gauges. Figure 4.0.5 below shows the epoxy around the nut. The 
strain gauge positioned several inches to the left and only its red and white wires 
are visible. » 
Figure 4.0.5: Anchor Bolt with Protective Epoxy 
A 1/4" neoprene pad is also affixed to the strong wall mounting surface prior to 
installing the guardrail to prevent stress concentrations. Holes are cut in the 
neoprene pad to accept the mounting bolts as shown above in figure 4.0.5. 
Using the overhead crane the guardrail is flipped on its side. To mount 
the guardrail onto the strong-wall it is also necessary to dissemble a side of the 
cruciform of the load frame. The mounting bolts are lined up with the knockouts 
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in the guardrail to slide it into place. Because of the misalignment of the mounting 
bolts it is necessary to use two 10' bar clamps to pull the rail into the strong-wall 
as seen below in figure 4.0.6. 
Figure 4.0.6: Mounting Guardrail on Strong Wall with Bar Clamps 
Once the guardrail is pulled flush with the center of the mounting surface it is 
leveled in the transverse and longitudinal directions using wood shims at either 
end. The misalignment of the mounting bolts exceeded the tolerance permitted in 
the bearing plate knockouts as shown in figure 4.0.7. 
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Figure 4.0.7: Bearing Plate in Rail Knockout Prior to Trimming 
To remedy this problem the bearing plates are trimmed to fit. The amount of 
material removed is less than 0.5 in2 and as such the increased compressive 
stress on the concrete is negligible. Nuts are installed on the mounting bolts and 
fastened to snug tight. 
4.6 Final Preparation: Grouting & MM A 
It is necessary to grout the space between the rail and the strong-wall to correct 
for bowing; assuring uniform contact. Grout dams are required on bottom and 
side surfaces to create a trough for the grout. An adhesive backed closed cellular 
foam strip is adhered to the strong-wall to form a grout dam. Strips built up to a 
thickness approximately 0.5" greater than the gap is required to ensure the foam 
is compressed and resists the grout hydrostatic pressure. 
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Sika Sure grip 6000 mixed in accordance with the manufacturer's specifications 
adequately fills the space between the guardrail and the strong-wall. Grout dams 
presented leaks when a large volume of grout is placed. Leaks are sealed by 
forcing additional pieces of the closed cellular foam into leaking locations. Once 
the grout is cured it is necessary to seal the void in the guardrail around the 
mounting bolts. This grout is too thick to be pumped into the void around the 
mounting bolts. Methylmethracralate (MMA) a low viscosity polymer frequently 
used as a sealant in concrete repair is selected to seal the bolts. With a viscosity 
of 5-15 cP (BASF 2007) MMA is approximately the consistency of coffee. For this 
reason it is necessary to thoroughly seal around the bearing plate and nuts prior 
to injection. Caulking was not used in this case because of a potential negative 
reaction. Instead, electricians putty, and rapid setting (5 minute pot life) epoxy 
were used to seal around the bearing plate and nut assembly. 
To access the void between the bolt and bolt knockout, two 1/8" holes (one for 
injection one to vent) are drilled into the top surface of the rail as shown in figure 
4.0.8. 
Figure 4.0.8: MMA Access Holes Capped with Electricians Putty 
MMA, is used in place of the epoxy because it can be mixed in larger volumes 
and easily poured into the voids. The MMA is mixed in a 2 quart mixing container 
using manufacturers mix ratios, dependant on temperature and quantity. The 
MMA is poured into the injection hole via a funnel until it escapes from the vent 
hole, indicating that the void is completely filled. Because the liquid is poured in 
slowly via the 1/8" injection hole ample time is given for air to escape preventing 
an entrapped air scenario. With both injection and vent holes filled a static head 
of approximately 5 inches remains reducing the likelihood of air bubbles. 
Even with the epoxy and electricians putty used to seal the bearing plate and nut 
assembly there were some small leaks present. Because of these small leaks it 
is impossible to conclude that the voids were fully filled. 
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CHAPTER 5 
EXPERIMENTAL RESULTS AND ANALYSIS 
5.1 Passing Criteria 
Three performance criteria have been adopted from NYDOT specifications. The 
performance criteria are: (1) deflection at top rail does not exceed %"(19mm) at 
an applied load of 50 k (240 kN), (2) deflection between guardrail and strong wall 
does not exceed 1/16", and (3) any residual cracks in the barrier do not exceed 
1/16" (Endicott 2004). In addition to the three criteria adopted from NYDOT, the 
stress in the anchor bolts are also evaluated to determine if plastic deformation is 
present at an applied load of 50 k. 
5.2 Strain Gauges 
The strain gauges were affixed to the top and bottom of each of the six 1" 
diameter stainless steel anchor bolts to evaluate if anchor bolts have plastically 
deformed. Strength calculations, assuming equal load distribution to each bolt, 
predict that the bars yield at approximately 52.97 kips. This value is influenced by 
the assumed internal and external moment arms as well as the equal load 
distribution assumption. Details of the calculation can be found in sample 
calculation 1 in appendix B. 
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Strain values considered represent the result of averaging the raw data. Because 
there is a data point for each 0.10 seconds of the test an average is necessary to 
obtain usable values. Because of load drift, the actuator's inability to maintain a 
static load, data points within a ±200lb range of the target load are averaged to 
obtain each strain reading. In each case a minimum often values were used for 
each average. 
Evaluation of strain gauge readings reveals that several gauges were damaged 
and provided erroneous data as such these gauges were not considered. The 
faulty gauges include: top and bottom on bolts 2, 4, and 5 as well as the bottom 
gauge on bolt 6. The remaining gauges appeared to be representative of typical 
bolt response. Top and bottom strain readings were averaged to determine an 
average stress in the bolts. In the case of bolt 6 the top strain is assumed to be 
consistent throughout the cross section. 
5.2.1 Strain Gauge Validation 
Strain gauge readings are validated using moment equilibrium: comparing 
internal moment to the applied moment when calculated as the product of the 
applied load times the distance from the center line of the load and the midpoint 
of base of rail. The internal moment is calculated as the product of the 
aggregated average force in the anchor bolts and the vertical distance D, from 
the centerline of the bolts to the resultant of the compressive force (see figure, 
5.01). The compressive force in the base of the rail is shown as a red triangle, 
with the resultant acting at 1/3 the vertical height. The magnitude of the 
compressive force is set equal to the average tension force measured in the 
bolts. The location of the compressive force is calculated geometrically from the 
horizontal measurements of dial indicators 7-10. Because the rail rotates and 
separates from the strong wall the location of the compressive force is different 
for each test. Sample calculation 2 found in appendix B details internal moment 
arm calculations. 
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Figure 5.0.1: Internal and External Moment Arms 
The external moment is found by multiplying the applied load by the distance 
from the bearing plate to the midpoint of the top rail measured in the horizontal 
direction see figure 5.0.1. Summarized moment equilibrium is presented in table 
5.1 below. 


























Values used for the moment equilibrium study were taken from the last load cycle 
of each respective test. Because the bolts began to yield during the 40 kip testing 
Young's Modulus can no longer be used to calculate the tension force from the 
strain gauges, and therefore internal and external moments are not compared. 
5.2.2 Strain Gauge Result Analysis 
Strain readings from the bolts with functional strain readings indicate that the 
bolts surpass yield stress under an applied load of approximately 39 kips. This is 
lower than predicted with strength calculations shown in sample calculation 1 in 
Appendix B. Summarized strain readings for the last cycle of each test up to 
service load are shown below in table 5.0.2. Bolts 2, 4, and 5 are omitted due 
non-functional gauges. 






















































The high stress on bolt 3 indicates that, as expected that it supports more load 
than the end bolts. Prior to the 30 kip loading it appears that bolt 6 did not fully 
engage. This could potentially be a result of the angle at which it was installed or 
slippage at the bearing plate. It should be noted that stress cannot be calculated 
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using young's modulus beyond the yield strain of 0.001042 (Hibbeler 2003) and 
as such, values are ommited in table 5.0.2 above. 
Following the service load tests the guardrail is subjected to ultimate loading, 
equal to the capacity of the UNH actuator. During this loading the dial gauges 
were not utilized because top rail deflections exceed the maximum extension of 
the gauges. The summarized strain readings are presented in table 5.0.3. The 






Table 5.0.3: Ultimate Loading 































The gauges on bolt 3 failed during the ultimate testing; leaving only bolts 1 and 6. 
The strain values at the surface are well above yield however below forming a 
plastic hinge as the support structure did not fail under the increased load. Stress 
values are omitted from this table as all readings are beyond the linear elastic 
region, and stress cannot be calculated using Young's modulus. 
To avoid plastic behavior in the bars either the number or diameter of the bolts 
should be increased. Either 8 bars at 1" diameter (As = 6.28 in2) or 6 at 1.25" 
diameter (As = 7.36 in2) would suffice and prevent plastic deformation. 
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5.3 Dial Gauge Readings 
The ten dial gauges provide a basis for evaluating rotation, translation, and 
bending response of the guardrail system under load. During each set of tests 
several load cycles are run. The dial gauge readings are zeroed at the beginning 
of each set. Dial gauges are not zeroed between load cycles within a set. 
5.3.1 Top Rail Deflections 
Top rail vertical deflections are recorded by dial gauges one through three and 
indicate total vertical top rail displacement. The location of these gauges is 
shown in figure 5.0.2 below. 
| STRGNGWALL I 
5.0.2: Vertical Dial Indicator Locations 
The figures below illustrate the linear load displacement relationship present at 
each gauge along the top rail. Dial gauges one and three have the best linear fit 
with a correlation coefficient of 0.9197, and 0.8637 respectively. Overall the 
correlation is strong, evidencing the presence of a linear relationship as 












Load Deflection DG1 
• Dial Gauge 1 
y =100.71x+6.127 
R2 ~ 0.9197 
0 0.1 0.2 0.3 0.4 0.5 
Deflection (In) 
Figure 5.0.3: Load Deflection graph of Dial Gauge 1 




• Dial Gauge 2 
y=85.789x+ 8.1341 
R2 = 0.7972 
Figure 5.0.4: Load Deflection Graph of Dial Gauge 2 
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Load Deflection DG3 
• Dial Gauge 3 
• 
y = 86.462x48.0812 
R2 ~ 0.8637 
0 1 1 1 > : r i 
0 0.1 0.2 0.3 0.4 0.5 0.6 
Deflection (In) 
Figure 5.0.5: Load Deflection Graph of Dial Gauge 3 
The cluster of values at each load point illustrates statistical variation, as well as 
potential damage done to the bolts during each load set. The greater the spread 
of the points at each load point the greater the damage. Tables 5.0.4 below 
presents final cycle loads, and residual deflection. It should be noted that the last 
zero load value for each test represents the total residual deflection from the 
beginning of that test cycle. Sample calculation 3 in appendix B details 
calculating deflection from dial gauge readings. 

























































Assuming no damage, seating, or plastic deformation the top rail deflection can 
be predicted using the first load cycle assuming linear elastic behavior. 
Deflections are linearly scaled to predict readings at higher loads. Table 5.0.5 
below shows predicted top rail deflections. Details of scaling calculations can be 
found in sample calculation 4 in appendix B. 









































































The error in the predictions can be attributed to a number of factors, including the 
crushing in the neoprene at the bottom face of the rail, plastic behavior in the 
bars at higher loads, and seating of the nut/bearing plate assembly. It must also 
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be recognized that because deflection values are extrapolated from a small 
segment of the load deflection curve (0-11 kips), and used to predict deflections 
at more than 4 times the load an inherent amount of error is present. Figures 
5.0.6 through 5.0.8 illustrate the difference between actual and predicted is that 
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Figure 5.0.6: Actual Versus Predicted Deflections for Dial Gauge 1 
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Figure 5.0.7: Actual Versus Predicted Deflections for Dial Gauge 2 















Figure 5.0.8: Actual Versus Predicted Deflections for Dial Gauge 3 
Gauge three deviates significantly from the 30 to 40 kip level. The most likely 
cause of this deviation is some seating, either in the bearing plate, nut assembly, 
or in the base. There is also a potential here for a gauge being misread by 
incorrectly counting the number of revolutions. The issolation of this event is 
evidenced as the deflection curve returns to linear at the 40 to 52 kip level. 
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5.3.2 Base Movement Corrections 
Horizontal measurements taken at the bottom and top of the base of the rail are 
used to calculate the angle of rotation of the whole rail. This value can then be 
used to correct top rail deflections for base movement. During previous tests it 
was necessary to correct for base movement because the strong wall lifted 
(McNall 2005). By correcting for base movement deflection due to bending in the 
rail can be assessed. Because the strong wall did not lift during this test, and 
because deflections due to bending are negligible as shown below the base 
corrections were not utilized. Maximum calculated deflection due to bending was 
0.0009" assuming an uncracked section. Maximum calculated deflection due to 
bending using a cracked section was found to be 0.002". Details of deflection 
calculations are provided in sample calculation 5. The calculated deflection 
values are less than or equal to the 0.002" accuracy of the dial indicators. If the 
strong wall had lifted or significant bending had taken place these base 
corrections may have become necessary. 
5.4. Concrete Performance 
There was no visible cracking in the base of the rail at any load. All cracking was 
in the top rail, and in the balustrade itself. Figure 5.0.9 below illustrates the plane 
in which the cracks were observed in the balustrade under load. 
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Typical Crack Plane 
:n3! / 
I 
Figure 5.0.9: Rail with Typical Crack Plane 
Small cracks (>1/16") were visible in all but the end balustrades during 52 kip 
loading. Larger Cracks, approximately 1/8" wide, were observed on the middle 
three balustrades under the maximum loading of 52 kip, however all cracks 
narrow to less than 1/16" when the load is released. Table 5.0.6 summarizes 
guardrail cracking at load. 







Cracking noises heard, no visible cracking 
Cracking noise, cracks detected in middle balustrade >1/16" wide 
along fracture plane 
Very small cracks visible at base of balustrades 
Middle three balustrades cracks widen along fracture plane. ~1/8" 
Transverse cracking visible directly under load on top rail 
All cracks widen. At 92 kip load cracks along middle three 
balustrades exceed 3/16" Top rail crack widens and other cracks 
develop next to it. 
5.5. Evaluation of Passing Criteria 
The rail as tested failed 2 of the 4 passing criteria. First the plastic deformation of 
the anchor bolts recorded by the strain gauges indicates a failure of one the 
criteria that all bolts shall have elastic deformations; and second, the maximum 
displacement between the strong wall and the guardrail was 0.224", which is 
greater than the maximum allowable of 0.0625" indicating a failure. This 
maximum displacement occurred on the third cycle of the 52 kip loading. This 
movement is most likely caused by the plastic deformation of the anchor bolts. 
Third, the maximum recorded top rail displacement was 0.593", which is below 
the maximum allowable value of 0.75" indicating satisfactory performance. 
Fourth, residual cracks in the rail after the load had been removed were less than 
1/16" in width indicating satisfactory performance. 
The overall performance of the rail was most significantly affected by the 
insufficiency of the anchor bolts. This deficit resulted in the failure of two of the 
four passing criteria. Because of the excellent performance of the rail in previous 
tests with 8 anchor bolts it is anticipated that correction of this deficiency by 
adding more bolts, or increasing bolt diameter would dramatically improve the 
performance of the rail and result in passing all criteria. It should be noted that 
even with the plastic deformation of the anchor bolts the rail did not fail when 
subjected to 1.8 times service load (93 kips) applied at a single point at midspan 
of the top rail. 
5.6 Future Work 
Additional static tests may be conducted to evaluate rail performance with larger 
diameter or greater number anchor bolts. Crash testing may also be performed if 
a higher design speed than that of the Texas T411 parapet is desired. 
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Further testing may be conducted to evaluate the impact of the neoprene bearing 
pad on the relative system stiffness, as well as incorporating more sophisticated 
instrumentation including linear variable differential transformers (LVDTs), and 
tilt-meters. 
If acceptance by state DOT's outside New England is desired it may be 
necessary to incorporate additional design modifications. Such modifications 
could potentially require additional static testing, and/or crash testing. 
5.7 Conclusions 
This research determines that the increase in overall rail height did not adversely 
affect the guardrail rigidity. It did however; contribute to the plastic behavior of 
the anchor bolts. 
By adding the additional guardrail height with a rectangular cross section 10 
inches high by 17 inches wide no significant reduction in structural rigidity 
occurred. The guardrail attachment point to the anchor bolt also remained 4" 
from the base of the balustrades. By doing this the guardrail stiffness from the 
top of the rail to the attachment point between the rail and the anchor bolt did not 
change between the 30" and 40" high designs. 
Rail performance with six versus eight anchor bolts resulted in plastic 
deformation at less than service load, however there was no structural failure. 
51 
The plastic deformation does increase the energy absorption ability of the 
guardrail. However, because the steel is beyond the linear elastic region 
repeated impacts will cause a structural failure requiring replacement. Increasing 
bolt diameter to 1.5", or using an eight bolt configuration is recommended. 
The plastic deformation of the anchor bolts contributed to the excessive base 
separation of approximately 3A" at 90 kips. The crushing of the V2" neoprene pad 
also contributed to the base separation. 
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 Source: PCI New England Bridge Technical Committee 
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APPENDIX B: 
SAMPLE CALCULATIONS 
Sample Calculation 1: Applied load at anchor bolt yielding 
1. Determine force in a single 1" diameter bolt at yield stress (30ksi) 
F = a * A 
F = 30ksi * 0.7854m2 
F = 23.56 kips 
2. Determine force at yield in 6 bolts assuming even load distribution to all 
bolts 
Ftotai = F*n 
Protai = 23.S6kips * 6 
FTotai = 141.4 kips 
3. Determine internal moment, assuming 10 in moment arm 
MInt = F*D 
Mlnt = lAlAkips * 10in 
MInt = 1410.4 kip - in 




1410.4/ap - in 
2 6.6 2 5 in 
F = 52.V7kips 
Sample Calculation 2: Internal Moment Arm Calculation 
1. Calculate Rotation 0 from horizontal dial indicators at top and bottom of 




9 0 + e = t a n(xrr^) 
17.75in / l / . / b i n \ 
9 0 + 9
 =
 t a n
 (0.011+0.012) 
90 + 6 = 89.92° - & 
9 = 0.0742° 
2. Calculate Y' the center of rotation, and height of compression zone 
Y' =X2t<m6' 
Y' = 0.011 *tan(89.92°) 
7 ' = 9.261" 
3. Determine Internal Moment Arm - vertical distance from anchor bolt to 













• • . " 
*. 
~~ — 
D = 8.913' 
Strong Wall 
Sample Calculation 3: Calculating displacement in inches from dial gauge 
readings 
1. Case 1: Counter-clockwise dial indicator rotation 
d = Displacement in Inches 
r' = Dial indicator zero reading 
r = Dial indicator reading 
R = Number of dial Indicator Rotations * 0.1" 
(100 -r)+r' 
d
= 1000 +R 
62 
(100 - 76) + 45 
d = 0.069" 
2. Case 2: Clockwise dial indicator rotation 
(r) - r' 
1000 
(30) - 50 
" = -iooo-+a i 
d = 0.120 
Sample Calculation 4: Deflection Scaling 
P = load (lb) 
d = Displacement at load (in) 
P' = new load 
d' = new predicted displacement 
, p , > 
/20.5kips > 
d! = ( . . . * 0,049 111. 6kips 
d' = 0.087 
Sample Calculation 5: Deflection Check 


































10kip Test Cycle: 
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30 Kip Test Cycle 
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50 Kip Load Test 

































































































































































































































Back Vertical DI 
Load 
kips 
0 
10.2 
20.6 
31 
39 
51 
0 
9.9 
20 
29.8 
40.2 
34.7 
41.5 
51.5 
0 
11.5 
19.8 
30.5 
40 
52 
0 
Revs 
0 
0 
0 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
' 0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
Read 
29 
17 
0 
85 
74 
42 
97 
82 
68 
52 
36 
33 
29 
11 
78 
66 
52 
38 
24 
14 
74 
In 
0 
0.012 
0.029 
0.044 
0.055 
0.087 
0.032 
0.047 
0.061 
0.077 
0.093 
0.096 
0.1 
0.118 
0.051 
0.063 
0.077 
0.091 
0.105 
0.115 
0.055 
Revs 
0 
0 
0 
0 
0 
0.1 
0 
0 
0 
0.1 
0.1 
0.1 
0.1 
0.2 
0 
0 
0 
0 
0.1 
0.1 
0 
Read 
8 
92 
64 
39 
21 
70 
49 
33 
14 
90 
60 
54 
45 
95 
95 
76 
53 
21 
92 
60 
75 
In 
0 
0.016 
0.044 
0.069 
0.087 
0.138 
0.059 
0.075 
0.094 
0.118 
0.148 
0.154 
0.163 
0.213 
0.013 
0.032 
0.055 
0.087 
0.116 
0.148 
0.033 
Revs 
0 
0 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.2 
0.2 
0.2 
0 
0.1 
0.1 
0.1 
0.1 
0.2 
0.1 
Read 
74 
81 
4 
22 
45 
99 
37 
53 
72 
92 
17 
25 
33 
84 
99 
16 
45 
57 
81 
12 
2 
In 
0 
0.007 
0.03 
0.048 
0.071 
0.125 
0.063 
0.079 
0.098 
0.118 
0.143 
0.151 
0.159 
0.21 
0.025 
0.042 
0.071 
0.083 
0.107 
0.138 
0.028 
72 
Base 
Load 
kips 
0 
10.2 
20.6 
31 
39 
51 
0 
9.9 
20 
29.8 
40.2 
34.7 
41.5 
51.5 
0 
11.5 
19.8 
30.5 
40 
52 
0 
r 
Revs 
0 
0 
0 
0.1 
0.1 
0.1 
0.1 
0 
0 
0.1 
0.1 
0.1 
0.1 
0.2 
0 
0.1 
0.1 
0.1 
0.1 
0.2 
0 
Read 
33 
55 
94 
29 
60 
44 
13 
45 
79 
13 
52 
54 
66 
20 
70 
3 
34 
69 
90 
29 
79 
*-fe-.: 
In 
0 
0.022 
0.061 
0.096 
0.127 
0.111 
0.08 
0.012 
0.046 
0.08 
0.119 
0.121 
0.133 
0.187 
0.037 
0.07 
0.101 
0.136 
0.157 
0.196 
0.046 
• WaHSaug 
Revs 
0 
0 
0 
0 
0 
0 
0 
0 
0 
o 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Read 
51 
75 
114 
152 
187 
171 
27 
63 
102 
138 
178 
180 
194 
252 
88 
127 
162 
198 
232 
275 
108 
EC'*' 
In 
0 
0.024 
0.063 
0.101 
0.136 
0.12 
0.024 
0.012 
0.051 
0.087 
0.127 
0.129 
0.143 
0.201 
0.037 
0.076 
0.111 
0.147 
0.181 
0.224 
0.057 
;"Jjgtf{gQm 
Revs 
0 
0 
0 
0.1 
0.1 
0.1 
0 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
Read 
29 
19 
7 
95 
85 
64 
3 
94 
80 
69 
56 
54 
50 
37 
88 
78 
68 
57 
40 
29 
76 
»9 -
In 
0 
0.01 
0.022 
0.034 
0.044 
0.065 
0.026 
0.035 
0.049 
0.06 
0.073 
0.075 
0.079 
0.092 
0.041 
0.051 
0.061 
0.072 
0.089 
0.1 
0.053 
*•- Oiaysatas 
Revs 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Read 
55 
63 
75 
86 
96 
114 
80 
86 
96 
107 
117 
119 
122 
131 
97 
99 
106 
116 
125 
135 
121 
Iff,-*! 
In 
0 
0.008 
0.02 
0.031 
0.041 
0.059 
0.025 
0.031 
0.041 
0.052 
0.062 
0.064 
0.067 
0.076 
0.042 
0.044 
0.051 
0.061 
0.07 
0.08 
0.066 
73 
